The sedimentary record of Lake Malawi, one of the large rift valley lakes of east Africa, contains thick sequences of biologically undisturbed, finely laminated muds and silts. Laminated sequences were recovered in cores from the extensive diatom ooze and silty diatom clay facies of the lake basin that is permanently anoxic below 250 m. The sequences consist of light-dark laminae couplets with average thickness of 1 mm. The light laminae are completely dominated by the diatom genus Melosira with a relatively minor contribution from the genus Stephanodiscus. The dark laminae consist of 50% diatoms (equal proportions of Melosira and Stephanodiscus, few Nitzschia, and occasional littoral diatom genera) and 50% terrestrial plant debris, mineral grains, and fine clay and organic material. Based on a 210Pb and 14C calculated sedimentation rate of 1 mm yr-l for Lake Malawi basin sediments and the well-defined seasonal variations in fluvial input and diatom productivity levels, our data suggest that the lamination couplets are annual varves, representing biannual sedimentation sequences. The light laminae result from diatom blooms occurring during the dry, windy season (April-October) when the upper 250 m of the lake is well-mixed, localized upwelling occurs, and the epilimnion becomes enriched with nutrients. The dark laminae represent sedimentation in the rainy, low-wind velocity season (November-March) when runoff and allochthonous terrestrial input are at a maximum and primary productivity is at a minimum.
The large lakes occupying the rift valleys of east Africa contain thick sedimentary sequences that potentially provide a significant body of information on the history of the earth. Sediment cores recovered from some of the lakes date to 60,000 B.P. and provide clues of climatic, tectonic, vegetational, and lacustrine changes over this period (Livingstone 1975) . On a larger scale, these lakes are modern analogs for ancient rift lake deposits found throughout the world. The examination of rift valley lacustrine sedimentary sequences yields information needed to understand the early evolution of ocean basins, the evolution of organisms endemic to rift valley lakes, and --Acknowledgments Financial support provided by the 1986-1987 industry sponsors of Project PROBE (Duke University) and NSF grant ATM 88-l 1615.
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Lake Malawi (formerly Lake Nyasa), between 9" and 14'S ( Fig. l) , is the most southerly of the African rift valley lakes. It is bordered on the west by Malawi and on the north and east by Tanzania and Mozambique. River input is dominant along the northern borders of the drainage basin, as evidenced by the large deltas that have developed off the Ruhuhu and North and South Rukuru Rivers (Crossley 1984; Johnson and Davis 1989) . Sediment-laden, highvolume runoff occurs along the topographically steep lakeshore of the northern reaches of the lake as a result of the greater annual rainfall in this area relative to the drier lowlands in the south (avg 200 vs. 65 cm yr-' cf. Eccles 1974; Crossley 1984) . The lake level is in delicate balance (Beadle 198 1) . Outflow (avg 45 cm yr-I) is via the Shire River at the southern tip of the lake where the sill depth is at only 3.5 m (Eccles 1974) . Thus slight fluctuations in rainfall, outflow, or evaporation have led to dramatic changes in lake level throughout the depositional history of the lake (Beadle 19 8 1; Eccles 1974; Owen 1989) . Malawi and con-? 36O Lake Malawi is meromictic, similar to Lake Tanganyika. Its annual, wind-induced mixing occurs primarily in the upper 250 m (Beauchamp 1953) . Below a depth of -250 m, the lake is completely anoxic and the temperature is generally homothermal at 22.5"C. Upper water-column temperatures average between 24" and 27°C throughout the year (Beauchamp 1953; Eccles 1974) . Analyses of tritium profiles in the lake suggest that possibly up to 20% of the deep hypolimnion may be replaced annually, but this exchange is not sufficient to oxygenate waters below 250 m (R. Gonfiantini unpubl.). There is a slight elevation in total ions measured as conductivity in the deep-water hypolimnion as compared to the epilimnion (Jackson et al. 1963; Talling 1969; Eccles 1974) . Conductivity values range from 248 pmhos cm-l in the surface waters to 268 in the hypolimnion (R. Gonfiantini unpubl.). Density calculations based on the equations of Chen and Miller0 (1977) indicate that it is the salinity structure, caused by the slight difference in total ion concentration between the lake waters above and below 250 m, that most strongly influences the stable density profile of the lake. On the basis of major ion concentration and temperature data for Lake Malawi (R. Gonfiantini unpubl.), the density difference between water collected at 300 and 600 m is 1 x 1 O-5 g cm3 due to temperature and 4.6 x 1O-3 g cm3 due to salt.
The distribution of sediment facies in the lake has been mapped from high-resolution seismic profiles and descriptions of 33 piston cores and 3 gravity cores (Ng'ang'a 1988; Johnson et al. 1988; Johnson and Davis 1989) (Figs. 2, 3 ). Acoustically transparent sediment consisting primarily of diatom ooze and silty diatom clays is widespread throughout most of the offshore lake basin (Fig. 2) . Turbidite channels and coarsegrained elastic deposits are found off many of the major rivers and border faults, even in water depths of several hundred meters. These deposits are most common in the northern lake basin where river input is high (Ng'ang'a 1988; Johnson and Davis 1989) . Lake Malawi exhibits several key characteristics necessary for the deposition and preservation of finely laminated sedimentary sequences (Anderson and Dean 1988) . Most significant to the formation of the sedimentary laminae is the depletion of oxygen in the deep waters of the lake which inhibits biological mixing of the sediment-water interface. The presence of a seasonal, semipermanently stratified water column coupled with the weak to absent mixing of the deep water column below -250 m allows the persistence of anoxic depositional conditions and the preservation of undisturbed, laminated sediment structures. Finally, the lake displays a well-defined seasonal pattern in the supply of the major autochthonous and allochthonous sedimentary components to the lake basin. The persistence of these conditions throughout a significant portion of the lake's history has allowed the deposition of extensive sequences of laminated muds. Within these laminated sediments, a detailed record of seasonal and longer term climatic fluctuations should be apparent and reflected as oscillations in the relative abundances of autochthonous or planktonic paleoflux components vs. terrestrial or allochthonous components. The primary objectives of the study were to determine if the thick sequences of millimeterscale mud laminae typical of the diatom ooze and silty diatom clay facies of the lake sediments are products of seasonal, annual, or longer term sedimentation events, to describe the paleoflux events that the individual laminae represent, and to document the historical persistence as well as the geographical extent of laminae deposition throughout the lake basin.
Methods
Piston cores used in this study were obtained in 19 86 and 7.5 -mm-diameter gravity cores were collected in 1987 (Fig. 3) . Core sites were selected on the basis of results from high-resolution seismic profiling surveys completed with a Ferranti-O.R.E. geopulse system (Johnson et al. 1988) . Satellite navigation supplemented by radar provided latitude and longitude of individual core sites. After collection, cores were air freighted to Duke Marine Laboratory where they were split, described, and logged. All cores were photographed and subsampled to determine total organic C content, porosity, and organic C : N ratios (Johnson et al. 1988) . Both the archived and working sections of the cores have been stored in a cold room. Cores were examined visually for laminations, In some instances the laminations were not clearly discernible because color and texture contrasts between laminae were subtle. Twenty-nine cores were selected for the lamination study and 16 of them were X-rayed along their entire lengths with a Xerox model 125 unit set at 40 kV ( Table  1 ). The X-radiographs clearly displayed the lamination sequences and their boundaries with nonlaminated regions.
The number of laminations per centimeter was counted on X-radiographs where sections of the light and dark couplets were distinct. Small, l-2-cm3 subsamples were removed from the X-rayed cores and allowed to air dry. After 12-24 h of air drying, transparent adhesive tape peels were made from the surfaces of the sediment cubes. The procedure was similar to that outlined by Simola (1977) and Sallenger (1979) Tape peels were placed on glass slides and examined under a polarizing microscope to compare the compositions of a series of light and dark laminae. After drying, the sediment cubes foliated along the laminations, exposing individual light and dark laminae surfaces and facilitating sampling for smearslide microscopic identification of the laminae components. Dried laminae surfaces were sampled under a dissecting microscope via a small spatula. Smear-slide samples were obtained from corresponding individual laminae of the undisturbed, refrigerated archive core sections by scraping the exposed laminae surfaces with sharp tweezers.
Radiocarbon dating of subsamples from four cores (4P, 13P, 22P, and 24P) was provided by Beta Analytic. A fifth core, 16P, was given to R. B. Owen (Malawi University), who provided 14C dates from the Scot-tish Universities
Research and Reactor Center. Bulk core samples averaging 1 g of organic C per sample (based on previously reported TOC data, Johnson et al. 1988) were removed from the working halves of cores 13P, 16P, and 22P for 14C dating. Authigenic calcite used in dating core sections 4P, 22P, and 24P was isolated through treatment of core subsamples with concentrated H202 to remove organic matter. All radiocarbon dates were normalized to a fixed 6 l 3C value by the respective radiocarbon dating facilities to eliminate the influence of isotopic fractionation occurring both naturally and during the physical and chemical lab procedures.
Results
Light-dark laminae couplets-couplets of individual light and dark laminae were clearly displayed in the X-radiographs with thicknesses ranging from 0.5 to 1.5 mm lamina-l (Fig. 4) . At lo-cm intervals on the X-radiographs, counts of the number of laminations per centimeter were completed for all continuously laminated sections. The counts gave -2 laminae, or one light-dark couplet, per millimeter (Fig. 4) . Components of the light and dark laminae were identified from the smear slides and tape peels. The light-colored or white laminae were composed almost exclusively (190%) of Melosira nyassensis and Melosira granulata (Melosira has recently been renamed Aulacoseira) with minor amounts of Stephanodiscus astraea and Stephanodiscus minulata ( Fig. 5a,b) . The composition of the dark laminae was dramatically different, consisting of 50% diatom frustules (primarily planktonic Melosira sp., Stephanodiscus sp., minor amounts of Nitzschia sp., and occasional shallow-water littoral diatoms such as Navicula sp.), 30-40% clay minerals and fine organic matter, 5-l 0% terrestrial plant debris, and 5% mica flakes and medium+oarse silt-sized mineral grains ( Fig. 5c,d ). Radiocarbon dating of six piston cores on bulk organic matter and minor amounts of authigenic calcite provided a rate of overall average linear sedimentation of -1 mm yr-l (Table 2 ). This sedimentation rate indicates that the average laminae count of one light-dark couplet per millimeter represents two-season or biannual sedimentation sequences in Lake Malawi.
X-radiography of 16 cores provided excellent documentation of sedimentary structures as well as major changes in sediment grain size down-core. Transitions from laminated to nonlaminated diatom mud sequences were easily identified in the X-rays (Fig. 4) . Coarse, silty'sand turbidite units, that frequently contained shallowwater benthic diatoms such as Amphora, were distinct in the X-radiographs ( Fig. 6 ) (Johnson et al. 1988) . Volcanic ash layers, that were seen as light tan layers with thicknesses ranging from 0.5 to 1.5 cm, showed up as distinctive dark, grainy regions on the X-radiographs (Fig. 6) . In a few cores such as 4P and 1 OP, nonlaminated and well-laminated diatom mud units were separated by intervening nonlaminated sections containing abundant fish vertebrae (Fig. 6 ). These transitions from laminated to nonlaminated sequences, or vice versa with intervening areas of fish skeletal debris, may have been the result of localized changes in the chemical stratification of the lake, resulting in marked effects on fish production (Fig. 6~ ). Laminations were not present over the entire lengths of all cores that were recovered from the diatom ooze and silty diatom clay facies of the lake (Table 1) . Most cores obtained from shallow regions above the 250-m oxic-anoxic interface were not laminated at the surface or over much of their lengths. Examination of the suite of 29 cores reveals that two-thirds of those collected above the interface are laminated over ~25% of their lengths, whereas two-thirds of the cores obtained at depths below the interface are laminated over 40% or more of their lengths (Table 1) .
Cross-correlation of cores based on sedimentary structures-It was not possible to cross-correlate throughout the entire lake basin all the laminated and nonlaminated sections in the cores because the patterns vary significantly north to south. Within particular regions of the lake however, we were able to cross-correlate several cores based on lamination patterns and lithologic changes down-core. The purpose of crosscorrelation was to examine the persistence of, or changes in, the historic sedimentation regime across the lake basin 01' within particular regions as reflected in variations of sedimentary structure and lithologic composition of the cores.
Cores 17P, 3OP, and 33P (from the northern lake basin) have finely laminated sequences of silty ooze and diatom silt between 250 and 500 cm (Figs. 3, 7) . For core 17P, intermittent sequences of well-defined laminations are present from 550 to 700 cm and may correspond to the top of the continuous, well-defined laminated sequence in core 31P beginning at 650 cm (Fig. 7) . Core 30P lacks lamination structure from 600 cm to the base at 942 cm, as does core 17P at about the same depth interval between 700 cm to the base at 1,069 cm. These nonlaminated sequences probably represent a period when the chemocline was locally depressed and anoxic conditions at the sediment-water interface were not well developed. Thus the presence of laminations in core 17P between 550 and 700 cm, separated by nonlaminated and mud zones of up to 5 cm wide and underlain by a completely nonlaminated section from 700 to 1,069 cm, suggests that the oxic-anoxic water-column interface in this area was shifting vertically when these sequences were deposited. Both cores 30P and 31P were collected at depths shallower than the presat-day chemocline, which might explain the lack of laminated sequences at the core tops (Fig. 7) . The absence of laminae at the top of core 33P (obtained at 316 m) is most likely due to the fact that it was taken on the flank of a turbidite channel, where erosion and redeposition of the topmost sediment by turbidity currents may have obliterated the lamination structure (Fig. 3) .
In the west-central region of the lake basin, cores 13P and 19P obtained at 399 and 4 13 m, respectively, show well-defined laminae of diatom clay and clay ooze downcure between 30 and 100 cm (Figs. 3, 7) . The cores also contain one silt or silty sand layer in the top halves of the cores and one sand layer near the bases. Such layers are indicative of the proximity of the cores to the steep border fault in this region of the lake and suggest the occurrence of periodic turbidite flows that transport coarse sediment to great depths (Ng'ang'a 1988).
ing is contributing to sedimentation at site On the other side of the central basin, cores 8P and 18P can be correlated based on their lamination patterns (Figs. 3,7) . Each core has upper and lower laminated sequences separated by a 20-cm-thick non-18P (Fie. 7). laminated interval between 20 and 40 cm in the cores (Fig. 7) . Core 18P contains significantly more silt and sand than 8P, however, suggesting that gravity flow or slump- In ;he s&h basin, cores 4P and 6P, collected above the thermocline at 124 and 93 m, respectively, each consist of 100% diatom ooze (Figs. 3, 7) . The cores lack lamination over most of their lengths, as is the case for all cores obtained from the south basin, where average depths are above the 200-300-m chemocline (Table 1, Fig. 3 ). Cores 4P and 6P, however, do contain lam- inated sequences which extend for -70 cm down-core in 6P and 200 cm down-core in 4P, near the bottom of each core (Fig. 7) . These laminated sequences may represent a time when anoxic conditions extended to a much shallower depth in the water column of the south basin than they do today and perhaps persisted for lo2 to 1 O3 yr.
At the base of core 4P, a sandy lakeshore deposit was penetrated, evidenced by the coarse sandy sediment containing specimens of the littoral diatom genus Amphora (Johnson et al. 1988) . The surface of this lakeshore deposit was also documented by the hard, subbottom reflector seen in highresolution seismic profiles of the core site (Johnson and Davis 1989; Scholtz and ROsendahl 1988) . These data indicate that extremely low lake levels followed by a significant rise occurred in the south basin before the deposition of laminated diatom clays and oozes seen in 4P between -550 and 750 cm down-core (Fig. 7) . The fact that a fish-debris layer overlies the sandy lakeshore deposit and underlies the laminated mud units, suggests that localized fluctuations in lake level affected fish production in this area (Fig. 7) .
A third core from the south basin (22P) collected at 265 m also displays laminations in the lower section. The laminated clays at the base of 22P are in packets separated by nonlaminated clay regions (Fig. 7) . Most of the core (84%) above 80 cm consists of nonlaminated clays (Table 1, Fig. 7 ).
The lack of broad laminated intervals throughout most of the cores obtained from the south basin indicates that this region of the lake has been fairly well mixed and oxygenated over the past 9,000-l 0,000 yr. Periods of anoxia have occurred in the southernmost arms, however, leading to the deposition of laminated diatom clay sequences up to 200 cm thick (Owen 1989 ).
Discussion
Pattern of annual climatic variabilityLake Malawi is unique among the rift valley lakes in that it experiences well-defined seasonal variations in wind, temperature, and rainfall owing to the latitudinal movements of the Inter-Tropical Convergence Zone (ITCZ). The ITCZ is the large frontal system formed by the boundaries between the Congo air mass, the northern limit of the southeast trades, and the southern extent of the monsoon. The seasonality is reflected in variations of lake productivity levels, fluvial runoff, turbidity, and possibly deep-water circulation patterns (Eccles 1974) .
The rainy season on the lake lasts from about November to March when the winds tend to be weak and northerly with the ITCZ located at its most southerly position over east Africa, centered at -12-l 3"s. Runoff Lamlnallono into the lake is high during this period, especially in the north basin. During April and May, the ITCZ moves toward the equator and strong southerly winds become predominant, occasionally attaining speeds of up to 40 km h-l and persisting through September when they become more southeasterly. At the southern end of the lake, dramatic cooling of the surface waters occurs as a result of the cool, southerly winds that are relatively dry, having lost most of their moisture on the highlands and the associated massifs south of the lake (Eccles 1974 ). The upper 60-100 m of the water column attains a maximum temperature of 27°C by May but cools during the windy season to 23"-24°C. Between 100 and 250 m, temperatures vary only between 23" and 24°C throughout the year (Eccles 1974) . Below 250 m the lake is generally homothermal at 22.5"C, although bottom waters may cool to 2 1°C at the southern end of the lake, forming deep density currents that flow northward along the lake bottom (Beauchamp 1953; Eccles 1962 Eccles , 1974 . Throughout the lake during the dry, windy season between April and October the thermocline is driven deeper and the depth of the mixed layer increases significantly. Temperature profiles obtained from a deep station off Nkahta Bay show a change in the mixedlayer depth from lo-20 m in December down to 100 m by July in the latter half of the windy season.
From a biological as well as a sedimentological standpoint, the most important effects of the strong southerly wind stress on the lake hydrography are the wind-induced seasonal upwelling, the resultant mixing of the upper 250 m of the lake, and the formation of internal waves (Beauchamp 1953; Eccles 1962 Eccles , 1974 Degnbol and Mapila 1982) . The result of these processes is the breakdown of the thermocline and the transport of nutrient-rich waters from middepths (50-80 m) to the surface between May and September during the maximum in wind stress. The influx of nutrients into the near-surface waters at this time of year promotes the seasonal growth of large phytoplankton blooms across the lake, first noted by Eccles (1974) and since documented by others (Talling 1969; Degnbol and Mapila 1982; Hecky and Kling 1987; Haberyan 1988) .
Primary productivity measurements collected over the course of 1 yr at a station located midway up the lake (Nkhata Bay) showed a productivity peak of 1 .O g C m-2d-1 between May and September (the windy, mixing season), which was fivefold higher than the rate of 0.2 g C rnm2d-l measured during the rainy season (November-March) when measured wind velocities across the lake were relatively low (Degnbol and Mapila 1982) . During the period when the thermocline is stably stratified (particularly between December and the end of February), the lake typically displays primary production values that are about half those seen during the mixing period (Degnbol and Mapila 1982) . Lake Tanganyika shows similar seasonal periods of enhanced diatom abundances and primary production rates between May and mid-September, when southerly wind stress and mixing of the upper 200 m of the water column are maximized (Hecky and Fee 198 1) .
Seasonal lake mixing and diatom abundance-During the wind-mixing, high-productivity season on the lake, blooms of Melosira, Stephanodiscus, and Nitzschia are common and dominant (Hecky and Kling 1987; Haberyan 1988) . Melosira and Stephanodiscus cell densities of up to 500 cells ml-l have been reported during the height of the mixing season (Degnbol and Mapila 1982) . Large Melosira blooms (specifically M. granulata and M. nyassensis) are particularly prevalent during the later part of the mixing season (July-September), as evidenced in plankton tows and sediment trap collections (Talling 1969; Haberyan 19 8 8) . It has been demonstrated by Kilham (197 1) and Kilham et al. (1986) that Melosira blooms in Lake Malawi (and in several oth- er African rift valley lakes) are associated with high dissolved silica conditions resulting from turbulent mixing events. Studies of Melosira show that the diatom genus is favored by dilute eutrophic conditions and has a high growth requirement for silica, producing typically thick-walled valves in long filaments whose growth depletes the water of silica unless it is replenished by turbulence or upwelling (Lund 1955; Talling 1969; Kilham et al. 1986; Owen 1989) .
At the other end of the "diatom resource scale," the occurrence of the genus Stephanodiscus in rift lakes has been correlated with low dissolved silica and stable stratification. Kilham et al. (1986) and Haberyan and Hecky (1987) have noted that high abundances of Stephanodiscus often precede Melosira blooms at the beginning of the mixing season when dissolved silica levels are low and that they also occur again after Melosira blooms when the water column is relatively depleted in silica. This modern association of Melosira dominance and maximal growth rates during periods of turbulent mixing and upwelling of deep, nutrient-rich waters observed in several lakes has made the occurrence of Melosira in lakes a reliable indicator of high-nutrient conditions (Kilham et al. 1986; Haberyan and Eaecky 1987) .
Melosira: A paleoenvironmental indicator of turbulence and high nutrient levels in Lake Malawi-Results from this study as well as those reported by Kilham et al. (1986) , Crossley and Owen (1988) , and Owen (1989) clearly show that Melosira dominates the diatom assemblages from surface sediments of the lake and the diatom-rich laminae recovered in cores. Owen ( 19 8 9) reported from a detailed study of 242 cores collected in the lake that, except for the south-central region where Stephanodiscus and Nitzschia occasionally represented ~50% of the sedimentary diatom assemblage, Melosira (particularly M. nyassensis) accounted for generally >70% of the modem and fossil diatom flora. Melosira was the dominant diatom observed not only in the white laminae of varved sequences but also was found to be the major diatom genus of nonlaminated, diatomaceous sequences occurring between laminated units within the cores. Owen (1989) also showed that in the highproductivity, oxygenated region of the extreme southern end of the lake, the core record consists exclusively of homogeneous, Melosira-rich sediments. Haberyan ( 1988) noted that the relatively low abundances in Lake Malawi sediments of other common planktonic diatom genera such as Nitzschia may be due to a combination of factors such as enhanced dissolution, slower sinking rates, valve disintegration by grazing, and postdepositional winnowing of certain diatom genera. All of these factors could lead to an over-or underrepresentation of particular groups in the sediment record. This problem has long been recognized as significant in paleolimnology and paleoceanography, in which environmental reconstrucitons are based on relative and total abundances of siliceous (and CaC03) microfossil genera. In Lake Malawi, paleoenvironmental interpretations based on sedimentary diatom assemblages are facilitated by the overall dominance throughout the lake cores of Melosira -a planktonic diatom genus which thrives only under conditions of high dissolved nutrients and high turbulence. Therefore, the abundance of Melosira in Lake Malawi sediments is a direct paleoenvironmental indicator of the persistence of strong, seasonal wind stress and resultant turbulent water-column mixing and nutrient upwelling conditions throughout the 9,000-lO,OOO-yr depositional history of the lake (Kilham et al. 1986; Haberyan and Hecky 1987; Haberyan 1988; Owen 1989) .
Annual varve sedimentation and the formation of diatomite laminae-Radiocarbon dating of six piston cores provides an average range of basin sedimentation rates of 0.3-1.4 mm yr-' (Table 2 ). 210Pb dating of short gravity cores from the southern end of the lake provides a calculated sedimentation rate of 1.6 mm yr-' (Crossley and Owen 1988) . It compares relatively well with the average rate of 2.2 mm yr-' recently obtained from 2 l"Pb dating of five 7-9-m piston cores (T.C. Johnson unpubl.) . Averaging all the data provided by 14C and 210Pb dating produces an overall basin sedimentation of 1 mm yr-l for the lake for the past 9,000-10,000 yr.
The rate of 1 mm yr-l provides ability to place a more precise temporal constraint on the paleoflux events responsible for the deposition of individual laminae in the lightdark couplets. Our averaged lamination counts of one light-dark couplet per millimeter in the laminated sequences of the lake sediments, and an overall basin sedimentation rate of 1 mm yr-l leads us to conclude that the light-dark couplets are annual varves and thus the products of two separate or seasonal flux and sedimentation regimes.
Considering the abundance of diatom valves as well as the dominance of Melosira in the light laminae, we believe that these laminae are the products of seasonal phytoplankton blooms occurring between April and October when the upper water column is enriched in nutrients from localized upwelling and mixing by strong southerly winds. Crossley and Owen (1988) provided a similar explanation for the formation of the white, predominantly Melosira -rich laminae in varved pelagic muds obtained in seven gravity cores and one box core from 350 m off Nkhata Bay. Owen (1989) noted that of the 26 pelagic, undisturbed diatomaceous laminae identified, counted, and cross correlated between the box core and gravity cores obtained off Nkhata Bay, the exclusion of Melosira occurred only twice in the recovered 26-yr depositional record. The exceptional years were 1974 and 1980 when the deposited diatom-rich laminae were composed of Nitzschia and Stephanodiscus. Hecky and Kling (1987) reported the lack of a Melosira bloom during their 1980 monthly sampling survey off Nkhata Bay, which correlates well with the lack of Melosira in the 1980 diatomaceous laminae identified by Owen ( 1989) . Owen concluded, on the basis of the complete sedimentary record collected in cores from this area, that the 2 yr when Melosira failed to bloom and was absent in the sedimentary laminae were atypical. He speculated that unique ecological conditions such as high nitrogen and moderate dissolved silica levels may have favored Nitzschia over Melosira.
Results from a 2%yr sediment trap study (April 1987 -February 1990 in the deep north basin of the lake provide some insight into the mechanisms bv which the genusd Y---dominated diatomaceous laminae of the lake sediments are deposited. Seasonal particulate flux data reveal extremely high fluxes of diatom opal and organic C in the form of large, sticky aggregates or floes that consist primarily of Melosira chains occurring during the latter half of the mixing season (C. H. Pilskaln unpubl.). The high setting velocities of such aggregates produced during phytoplankton blooms, combined with the incorportion of diatom frustules in sinking zooplankton fecal pellets (Haberyan 1985) , would result in rapid deposition of diatom bloom components on the lake floor.
The dark laminae of the light-dark couplets are sedimentation products resulting from the flux of material to the lake bottom during the low diatom productivity, rainy season (November-March).
Terrigenous inputs to the lake are maximized during the wet season when river runoff is high and thus account for the abundance of terrestrial carbonized plant debris and clay-silt-sized elastic material in the dark laminae. The occasional observation of shallow-water littoral diatom genera such as Navicula in the dark laminae, together with the abundance of terrestrial plant debris, suggests that the dark laminae were deposited from dense, sediment-laden river plumes produced in the rainy season. Crossley and Owen (1988) and Owen (1989) have also interpreted the dark laminae of the light-dark laminae couplets in the sediments as being deposited during the rainy season, based on detailed studies of cores obtained throughout the lake. Their studies noted a significant increase in the dark laminae of mica flakes and carbonized plant debris and a decrease in total diatom fmstules as compared to the light, diatom-rich laminae. External nutrient loading from river input to the lake during the rainy season and its effect on annual algal productivity appears to be negligible. In contrast to small lakes, large, deep lakes such as Tanganyika and Malawi have very long water residence times, and the most important controls on nutrient conditions relevant to annual algal production are defined by variables in the lake, such as nutrient regeneration, nutrient transport along horizontal and vertical gradients, and ambient nutrient concentrations (Beadle 198 1; Hecky and Fee 198 1) . The low abundance of diatom frustules in the dark laminae, inferred to have been deposited during the rainy, high-runoff season, indicates that algal productivity in the lake has not been enhanced by nutrient input Yrom rivers.
Evidence of regional climatic change and fluctuations in lake level in Lake Malawi sediments-The lake is subject to larger seasonal fluctuations in temperature and rainfall than any of the other rift valley lakes, owing to its precise location at the annual mean position of the ITCZ (Beadle 198 1) . Over short time scales, seasonal latitudinal migrations of the ITCZ over the lake are responsible for producing two distinct seasonal climates on the lake -one of high rainfall, low winds, and low primary production and one of low rainfall, high winds, and high primary production. The sedimentary products of these two seasons, as we have documented, are the light-dark varve couplets in the diatom-rich mud facies of the deep lake basin. Over longer time scales, the latrtudinal displacement of the mean position of the ITCZ and concurrent changes in convection and moisture content within the ITCZ, have produced changes in regional rainfall that have been the major causes of fluctuations in lake level throughout the Quatemary in east Africa (Livingstone 1975; Walker 1990 ). Climatic mechanisms responsible for interannual precipitation variations across eastern and southern Africa have been closely associated with Southern Oscillation phase indices and with ocean warming events occurring along the east coast of Africa and within the southern reaches of the Agulhas Current system (Street-Perrott and Perrott 1990; Walker 1990 ).
Frequent and large-scale fluctuations in lake level have occurred on the lake throughout the Holocene (Beadle 198 1; Crossley 1984; Eccles 1974; Owen 1989) . Several major low stands of lake level with the lake falling more than 100 m have OCcurred over the past 8,000 yr, the most recent being between A.D. 1390 and 1860 (Owen 1989) . Numerous smaller scale fluetuations in lake level ranging over 5 m have been documented throughout the last century, one of which caused a complete cutoff of the Shire Rive outflow between A.D. 19 15 and 198 5 and made the lake a closed basin (Beadle 198 1; Eccles 1974) . This closed-basin condition may have developed numerous times during past dry periods. If persistent, it would have resulted in increased surface-water salinity, inducing complete overturn of the lake.
Additionally, lower lake levels would facilitate greater wind mixing of the entire water column, also providing a mechanism for overturn. Localized periodic mixing or overturn events occurring in the past may be the mechanisms responsible for the deposition of fish-vertebrae layers separating laminated and nonlaminated diatom mud sequences in several of the lake cores. Periodic mixing could either increase fish production by bringing nutrient-rich waters near the surface and initiating phytoplankton blooms or may induce fish kills by transporting large volumes of anoxic waters, possibly rich in toxic substances, into the upper water column. Periods of low lake level in the lake are associated with a marked increased in littoral diatom species in the sediments and increase in erosion and basinward transport of sediments (Owen 1989) . The formation and preservation of seasonal laminae would cease as bottom waters were aerated and seasonal sediment inputs became homogenized by both higher rates of sedimentation and bioturbation.
In contrast, phases of high lake level may be associated with increased stratification of a deeper water column, lack of complete mixing, an increase in primary production, and development of disaerobic to anoxic bottom waters. Basin sedimentation rates would be lower than during stands of low lake level and laminated sediments would be deposited in the deeper parts of the basin under anoxic conditions.
The abundant laminated sequences in the sediments are frequently separated by diatom-rich, nonlaminated units, indicating that the historically dominant mode of basin sedimentation (i.e. seasonal varving) has been interrupted intermittently by periods when varves were not formed or preserved. Such periods probably reflect fluctuations in local climate and lake level, causing changes in lake hydrography and sedimen-557 tation. These events could lead to the disappearance of the well-defined seasonal variations in autochthonous and allochthonous inputs to the sedimentary basin, or to mixing or overturn events that would oxygenate the lake bottom or cause a deepening of the chemocline, thus preventing the preservation of seasonal paleoflux events in various parts of the basin. The fact that we are unable to cross-correlate cores throughout the lake basin based on patterns of laminated and nonlaminated sedimentary sequences indicates that the response of the basin to fluctuations in lake level and changes in the chemocline depth, salinity, circulation, and productivity has been localized and highly variable on a basinwide scale during the Holocene.
